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E-mail address: hrwilson@yorku.ca (H.R. Wilson).Perception of visual motion declines during healthy aging, and evidence suggests that this reﬂects
decreases in cortical GABA inhibition that increase neural noise and motion bandwidths. This is sup-
ported by neurophysiological data on motion perception in senescent monkeys. Much less is known
about deﬁcits in higher level form vision. For example, face perception of frontal views remains relatively
constant from adolescence through age 70 with a modest decline thereafter. However, we have shown
recently that the elderly have a speciﬁc deﬁcit in face matching when a transformation must be made
between frontal and left or right side views. Here we use face view adaptation to demonstrate that this
deﬁcit results from signiﬁcant broadening of cortical bandwidths for face orientation along with
increased internal noise. A neural model shows that these bandwidths increase by a factor of 1.74
between age 26 and age 67 years. This is similar to the increase reported for motion bandwidths in senes-
cent monkeys. Furthermore, the neural model demonstrates that head orientation bandwidth increases
can arise from decreased cortical inhibition. Thus, high levels of form vision degrade in parallel with
higher levels of motion perception and likely result from similar causes.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Many low level aspects of vision decline with age, including
contrast sensitivity (Owsley, Sekuler, & Siemsen, 1983). Except at
low contrasts or in noise, however, there is little evidence of de-
cline in orientation discrimination (Betts, Sekuler, & Bennett,
2007; Govenlock, Taylor, Sekuler, & Bennett, 2009), an attribute
of primary visual cortex (V1). Contrast response functions in V1
neurons show much smaller effects of age than do neurons higher
up the dorsal pathway in the middle temporal area (MT) (Yang
et al., 2009). Several major aging defects are manifest in MT: in-
creased bandwidths for motion direction (Liang et al., 2010), in-
creased neural noise, decreased speed sensitivity (Yang et al.,
2009), and decreased inhibition (Leventhal, Wang, Pu, Zhou, &
Ma, 2003). Psychophysical studies of human motion processing
also show high level motion deﬁcits in the elderly (Betts, Taylor,
Sekuler, & Bennett, 2005; Norman, Ross, Hawkes, & Long, 2003).
In contrast, deﬁcits in the ventral visual pathway have been re-
ported to be modest during aging. Face perception represents a key
example of processing in the ventral stream in both monkeys
(Gross, 1992) and humans (Kanwisher, McDermott, & Chun,
1997). Face discrimination in the elderly is reportedly normal ex-
cept when stimuli are presented in noise or at low contrasts (Crook
& Larrabee, 1992; Grady, 2002; Owsley, Sekuler, & Boldt, 1981).
However, previous studies have primarily utilized front views ofll rights reserved.faces, although a key aspect of face perception is transformation
of faces between views for comparison. In agreement, we recently
demonstrated that the visually healthy elderly perform identically
to young controls on a task restricted to faces in a single view
(Habak, Wilkinson, & Wilson, 2008). However, when the task in-
volved matching between front and 20 side head orientations,
the elderly showed a persistent deﬁcit at all stimulus durations
(Habak et al., 2008). This task requires a transformation or associ-
ation between head views, and there is evidence that associative
memory related to faces is speciﬁcally compromised in aging
(Naveh-Benjamin, Guez, Kilb, & Reedy, 2004). We therefore ex-
plored the nature of this face-view transformation deﬁcit in
healthy aging by asking whether bandwidths for face orientation
broaden with age, similar to primate motion bandwidths (Liang
et al., 2010). As fMRI adaptation studies indicate that multiple face
views are represented in the human fusiform face area (FFA)
(Grill-Spector & Malach, 2001), we hypothesized that a bandwidth
increase for face orientation might explain elderly deﬁcits in head
view transformations. This hypothesis was tested using a recently
introduced face adaptation aftereffect (Fang & He, 2005), which is
analogous to the well-known tilt aftereffect (Gibson & Radner,
1937). Our data demonstrate that the aftereffect is more than twice
as large in the elderly as in young controls and that internal noise is
also greater. A neural model of face orientation tuning shows that a
1.74-fold increase in bandwidths in the elderly can explain these
results and that these bandwidth increases can occur in conse-
quence of decreased cortical inhibition between neural representa-
tions of different face views.
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Fig. 1. Adapting and test stimuli (A) and stimulation sequence for each trial (B). (A) In left/right tests, adaptation was to a 20 side view synthetic face, and this was followed
by one of seven test stimuli spanning a ±6 range around frontal. For vertical tests, adaptation was to a 20 upward stimulus, which was followed by a ±9 range of vertical
stimuli centered on frontal. (B) Subjects ﬁxated the white cross during 5.0 s of adaptation during which the adapting face shifted randomly every second (see Section 2).
Following this, the screen returned to the mean luminance for 1.0 s, then a test face was ﬂashed for 200 ms, and then the response options appeared (L R, or U D). The subject
used the mouse to point to the appropriate response and clicked the mouse button.
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2.1. Stimuli
Stimuli were created in Matlab™ and presented on a Macintosh
computer with resolution of 1280  1024 pixels. At the viewing
distance of 131 cm the screen subtended 14.8 by 11.8 with mean
luminance of 80.0 cd/m2. We used synthetic faces, constructed as
previously described (Wilson, Lofﬂer, & Wilkinson, 2002). These
have been shown to stimulate human FFA very effectively (Lofﬂer,
Yourganov, Wilkinson, & Wilson, 2005). Adaptation and test faces
were bandpass ﬁltered to a spatial frequency optimal for face dis-
crimination (Gold, Bennett, & Sekuler, 1999; Näsänen, 1999),
which was 10.0 cycles/face width or 8.0 cpd at our viewing dis-
tance. The test faces near the frontal view (0) were oriented at
±6, ±4, ±2, and 0 for the left/right adaptation experiments.
Seven views were also used for the up/down experiments, but with
orientations of ±9, ±6, ±3, and 0, reﬂecting greater difﬁculty in
the vertical task. See Fig. 1 for examples. Each test face was
presented 10 times at random during an experiment for a total
of 70 presentations. All subjects completed all experimental
conditions.2.2. Subjects
Fifteen older subjects (mean age 67 ± 5.4 years, range 58–70)
and 15 younger subjects (mean age 26 ± 5.4 years, range 19–35)
participated in the study. All had normal or corrected acuity of
20/20 or better. An eye examination was conducted on each older
subject including refraction, ophthalmoscopy, biomicroscopy,
tonometry, and stereoscopy. Subjects were also screened for gen-
eral health and for use of any medications that might affect visual
function. Older subjects used a 0.75D distance correction lens.1 For interpretation of color in Fig. 3, the reader is referred to the web version o
this article.2.3. Experimental procedure
Each experimental trial began with ﬁxation on a cross at the
middle of the screen. The adapting face then appeared for a total
of 5 s and jumped randomly within ±21.0 arc min each second to
minimize low level contour adaptation. Following adaptation and
a 1.0 s blank period at mean luminance, a test face was ﬂashed
for 200 ms positioned randomly within ±21.0 min. Letters ‘‘L’’
and ‘‘R’’ (‘‘U’’ and ‘‘D’’ for the up/down experiment) then appeared
on the screen and the subject indicated whether the test appeared
left or right of frontal by clicking the appropriate letter (see Fig. 1).
Trials were self-paced by the subject.2.4. Modeling
Bandwidth models were implemented using Matlab™ software
on a Macintosh computer. The effects of noise were estimated
using a Monte Carlo simulation with 10,000 repetitions with a sep-
arate random noise sample for each.3. Results
3.1. Face view adaptation
To measure bandwidths for horizontal face rotations, subjects
were ﬁrst adapted to either a frontal face view (control condition)
or else a left/right 20 side view of a face for 5.0 s. Following adap-
tation for 5.0 s, one of seven faces near the frontal view was ﬂashed
for 200 ms (Fig. 1). In a two alternative forced choice task the sub-
ject indicated whether the ﬂashed face was perceived as rotated
left or right of a frontal view. The data were ﬁt with a cumulative
normal distribution, with the mean estimating the point of subjec-
tive equality (PSE), and the standard deviation, r, estimating slope.
Experiments were also run in which the adapting face was oriented
20 upward, and test faces were oriented slightly upward or down-
ward relative to frontal.
To determine whether elderly subjects (age 67 ± 5.4 years) could
perform these tasks as effectively as younger ones (age 26 ±
5.4 years), a control conditionwas ﬁrst run inwhich subjects adapted
to a frontal face view. The horizontal and vertical baseline responses
averaged across subjects are depicted in Fig. 2A and B respectively.
Mean PSEs were 0.04 ± 0.76 (young) and 0.25 ± 0.76 (elderly). A
2 2 repeated measures ANOVA showed no effect of either age
(p = 0.52, n.s.) or rotation axis (left/right or up/down, p = 0.39, n.s.)
and no interaction (p = 0.31, n.s.). Subsequent t-tests showed that
the PSE did not differ signiﬁcantly from the true frontal orientation
of 0.0 for either group (p > 0.22). A similar analysis ofr fromthe indi-
vidual ﬁts revealed no signiﬁcant difference between ages, with the
averages being 1.15 ± 1.51 (elderly) and 1.35 ± 0.96 (young). How-
ever, r for the up/down discrimination task was signiﬁcantly larger
(F[1,20] = 21.32; p < 0.0001) than for left/right, averaging 3.53 ± 2.63
(elderly) and 2.95 ± 1.75 (young). This increased noise reﬂects the
greaterdifﬁcultyof theup/down task. Clearly, the elderly canperform
faceviewadaptationexperimentswithoutdifﬁcultyandwith compa-
rable accuracy to the young in our control task.
Results following adaptation to a 20 left or right oriented face
are plotted in Fig. 2C. The blue1 lines and symbols show that adap-f
00.2
0.4
0.6
0.8
1
-6o -4o -2o 0o 2o 4o 6o
Older
Younger
Pr
op
or
tio
n 
of
 "
R
ig
ht
" 
R
es
po
ns
es
 
Horizontal View 
Left Right
0
0.2
0.4
0.6
0.8
1
-9o -6o -3o 0o 3o 6o 9o
Older_U
Younger_U
Baseline
Pr
op
or
tio
n 
of
 "
D
ow
n"
 R
es
po
ns
es
Vertical View 
DownUp
0
0.2
0.4
0.6
0.8
1
-9o -6o -3o 0o 3o 6o 9o
Older
Younger
Pr
op
or
tio
n 
of
 "
D
ow
n"
 R
es
po
ns
es
Vertical View 
Up Down
0
0.2
0.4
0.6
0.8
1
Left -6o -4o -2o 0o 2o 4o 6o
Older_L
Older_R
Younger_L
Younger_R
Baseline
Pr
op
or
tio
n 
of
 "
R
ig
ht
" 
R
es
po
ns
es
Horizontal View
Right
A B
C D
Fig. 2. Psychometric functions for judgments of left/right or up/down. In all cases blue data and curves signify results of younger observers, while red data and curves
represent older observers. Curves are cumulative normal distributions ﬁt to the data. (A) Control experiment showing that adapting to a frontal view produced no left/right
shift in the PSE for either younger or older observers. (B) Control experiment showing that front view adaptation also produced no PSE shift in the up/down direction for
either age group. (C) Shifts in PSE following adaptation to a 20 left (circles) or right (squares) face. Relative to the mean control curve from A (black curve), young observers
averaged a ±2.24 shift, while the elderly produced a signiﬁcantly larger shift of ±5.31. (D) Adaptation to a 20 up face also produced a PSE shift for young and a signiﬁcantly
larger one for old observers. In both C and D the slopes for the elderly are signiﬁcantly shallower than for the young, reﬂecting an increase in the value of r, the standard
deviation of the cumulative normal distribution.
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observers, in agreement with previous reports (Fang & He, 2005).
However, adaptation produced even larger PSE shifts in the elderly
(red lines and symbols). As preliminary analysis showed that the
left and right adapt conditions produced PSE shifts in opposite
directions but of statistically indistinguishable magnitude, abso-
lute values of left and right results were collapsed separately for
young and elderly. Fig. 2D shows analogous results for adaptation
to a 20 upward head orientation, with the elderly data again
showing a larger aftereffect. A 2  2 repeated measures ANOVA
(age and rotation axis) indicated a highly signiﬁcant effect of age
(F[1,26] = 11.37, p < 0.002) but no effect of rotation axis (F[1,26] =
0.42, p = 0.52, n.s.) and no interaction (F[1,26] = 0.29, p = 0.60, n.s.).
A similar ANOVA for r also showed a highly signiﬁcant effect of
age (F[1,26] = 16.50, p < 0.0001) but no effect of rotation axis and
no interaction.
Thus, the difference in PSE shifts of 2.24 (young) and 5.31 (el-
derly) was highly signiﬁcant, as was the difference between
r = 4.00 (elderly) and r = 1.98 (young). The difference in PSE
shifts suggests a broadening of face orientation bandwidths in
the elderly relative to the young, while the increase in r is consis-
tent with increased internal noise in the elderly.
3.2. Neural model
To interpret these results, we adopted the simple neural model
for head orientation illustrated in Fig. 3. Five head orientation
tuning curves with peak sensitivities at 40, 20, 0, 20, and
40 of head orientation comprise the model. The number of curvesis not critical, as doubling the number of tuning curves did not
change model results. This is consistent with evidence from our
laboratory that there is a crossover between populations tuned
to different head orientations at about 10 from frontal (Lee,
Matsumiya, & Wilson, 2006), and it is consistent with fMRI evi-
dence for multiple neural populations tuned to different head
views in FFA (Grill-Spector & Malach, 2001). The response Rx(h)
of a tuning curve centered at head orientation x was described
by a Gaussian function of head rotation angle h:
RxðhÞ ¼ Ax  exp ðhxÞ2=X2
 
þ g ð1Þ
where X is the bandwidth in degrees of head rotation. The ampli-
tude Ax was normalized to unity in unadapted conditions (Fig. 3),
and the ﬁnal term g represents normally distributed noise with zero
mean. Adaptation was assumed to reduce Ax by a fraction propor-
tional to the neural response to the 20 face adaptation stimulus,
with the proportionality factor set to 0.6, so in the adapted condi-
tion Ax = 1.0–0.6  Rx(20) for each neural population. The factor
0.6 produces a peak threshold elevation of 2.5 (i.e. 1/(1–0.6)), which
is consistent with sensitivity reductions measured in lower level
visual adaptation (Blakemore & Campbell, 1969), although the exact
value is not critical. The perceived orientation predicted by the
model neural populations for a stimulus at orientation h was calcu-
lated using a commonly used weighted average for interpolation
(Wilson, Levi, Maffei, Rovamo, & DeValois, 1990):
PerceivedðhÞ ¼
P
xx  RxðhÞP
xRxðhÞ
ð2Þ
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Fig. 3. Neural model for head orientation shifts following adaptation. (A) Five tuning curves with bandwidths chosen for the elderly centered at ±40 (blue), ±20 (red) and 0
(solid black). For comparison one narrower bandwidth (0) used to ﬁt the younger data is plotted as a black dashed line. (B) Effect of adaptation to 20 head orientation
(arrow) on tuning curve responses. Eq. (2) predicts a PSE shift of 5.2 under these conditions.
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Eq. (1) was ﬁrst calculated to produce the most accurate estimates
of head orientation across the ±20 head orientation range using Eq.
(2), the range over which shown head orientation discrimination is
optimal (Wilson, Wilkinson, Lin, & Castillo, 2000). This computation
showed thatX = 16.7 was the optimal bandwidth, which produced
a maximum deviation from veridical perception of ±0.09 over the
±20 range. This value of X was assigned to the young group. Sim-
ilarly, the noise standard deviation for g was set at 0.04 (4% of the
maximal neural response) to replicate the head orientation stan-
dard deviation reported above for the young. Following simulated
adaptation, these parameter values in the young produced a pre-
dicted PSE shift of 2.4 and a r value of 2.2, both in good agreement
with our data.
To account for the increased values of PSE and r in the elderly, it
proved necessary to vary both the bandwidthX and noise standard
deviation. Simulations showed that X = 29.0 and a standard devi-
ation of 0.10 for g produced a PSE shift of 5.2 and a r of 3.9 in
agreement with elderly data. As this is the ﬁrst study to extend
the face orientation aftereffect to up/down head rotations in either
the young or elderly, the model developed here was also applied to
those data. It was able to ﬁt the up adaptation data with similar
accuracy, although an increase in the noise standard deviation
was required to ﬁt the up/down r data.
Primate data suggest that decreased GABA inhibition represents
a major component of visual aging (Leventhal et al., 2003). Accord-
ingly, we wondered whether increases in tuning bandwidth and
neural noise could both be modeled as consequences of decreased
GABA inhibition in the elderly. To test this, we reﬁned our model
by incorporating lateral inhibition to narrow the head orientation
channels. Thus, the channel tuning functions in Eq. (1) above were
replaced by:
RxðhÞ ¼ Ax  exp ðhxÞ2=X2
 
 G 
X
a¼20
exp ðhxþ aÞ2=X2
 " #
þ
þ g
ð3Þ
where G is the gain of the lateral inhibition, and a = ±20 represents
summation over adjacent tuning curves. The subscripted bracket
[X]+ is a threshold function indicating that any negative values of
X are set to zero value so that lateral inhibition cannot generate
negative responses. The standard deviation of the noise term g
was set at 0.02/G, thus causing the noise to increase with decreasing
inhibition, as is reported physiologically (Leventhal et al., 2003). A
bandwidth parameter of X = 33.0 was used for both young and
elderly, so only G was varied to ﬁt data as a function of age. All per-
ceived orientations were again predicted with Eq. (2). Using thissimple model, G = 0.5 (i.e. 50% lateral inhibition) for young observ-
ers produced an unadapted PSE of 0.0 ± 1.7 and an adapted PSE of
2.5 ± 2.1. Reducing the inhibition to G = 0.2 for elderly observers
resulted in an unadapted PSE of 0.0 ± 2.6 and an adapted PSE of
5.2 ± 3.9. Thus, reducing inhibitory gain G to 40% of the value for
the young accurately simulates both increased PSE shift and stan-
dard deviation, r, in the elderly.
4. Discussion
Our data demonstrate a clear increase in PSE and r in the
elderly following adaptation to a 20 side view face. This is an
expected consequence of increasing bandwidth for face views with
age in the elderly. The simple model of head orientation channels
in Eq. (1) shows that a bandwidth increase by a factor of 1.74
and a r increase by a factor of 2.5 can explain the shift in PSE
and r. Although these seem like large increases, motion direction
bandwidths in MT of senescent monkeys are 1.8 times the values
in the young, and both noise and spontaneous ﬁring increase by
a similar factor (Liang et al., 2010). In addition, psychophysical
studies of motion direction discrimination show deﬁcits in humans
over 70 years old, and these have been successfully modeled by in-
creases in both neural bandwidths and noise (Bennett, Sekuler, &
Sekuler, 2007). Thus, it appears that very similar deﬁcits are pres-
ent in both dorsal and ventral pathways in the elderly.
An independent check on the validity of our bandwidth esti-
mates for young observers is also available from the original study
of head orientation shifts in response to adaptation (Fang & He,
2005). They reported a signiﬁcant PSE shift for adaptation to faces
rotated ±30 from frontal, but very little effect after adaptation to
±60. Our model for young observers predicts this pattern, provid-
ing corroboration of our bandwidth estimates.
Our baseline data following adaptation to a frontal view also
permit an estimate of head orientation discrimination thresholds
that may be compared with previous data. For a cumulative normal
distribution, the 75% correct point relative to the point of subjec-
tive equality falls at 0.68r. Thus, 75% discrimination thresholds
for head rotation from the frontal position are estimated from
our data to be 0.68 for elderly and 0.92 for younger observers.
Both these thresholds are actually somewhat smaller than the
mean threshold of 1.9 for young observers measured using a
two interval forced choice paradigm with bandpass ﬁltered face
photographs (Wilson et al., 2000). This suggests that young and
elderly have very similar frontal head orientation discrimination
thresholds under control conditions.
Age-dependent bandwidth and noise (r) increases provide a
plausible explanation for deﬁcits in face discrimination by the
elderly (Habak et al., 2008). Decreased accuracy in representing
164 H.R. Wilson et al. / Vision Research 51 (2011) 160–164both front and side views would be expected to have a much great-
er effect on cross view comparisons than it would on either front or
side views alone. Linking two face views presumably depends in
part on associative memory across face views, consistent with
the fact that this ability requires more than 10 years of visual
development (Mondloch, Geldart, Maurer, & Le Grand, 2003). Asso-
ciative memory for face-name pairs is signiﬁcantly impaired in the
elderly (Naveh-Benjamin et al., 2004), and this reﬂects a similar
pattern to our ﬁndings for cross-view associations.
Neural modeling also showed that both bandwidth and noise
increases can result from a single factor: decreased cortical inhibi-
tion in the elderly. In particular, there is evidence that lateral inhi-
bition serves to sharpen neural tuning curves in many domains,
including orientation (Sompolinsky & Shapley, 1997) and motion
direction (Liang et al., 2010). Cortical GABA inhibition is signiﬁ-
cantly weaker in senescent monkeys (Leventhal et al., 2003), and
this is associated with both bandwidth increases and increased
neuronal noise. If the tuning of face view neurons, presumably in
FFA (Grill-Spector & Malach, 2001), is sharpened by lateral inhibi-
tion in the young, then a reduction in inhibition can explain our
current data on human aging and the associated deﬁcits in face dis-
crimination across views (Habak et al., 2008).
If reductions in GABA are fairly common across the aging cortex,
then onemight expect other consequences of an imbalance between
excitation and inhibition. If less GABA is correlated with increased
susceptibility to seizures, we conjectured that the incidence of
epilepsy might rise with age, and a review of the literature revealed
that this is indeed the case (Hauser, Annegers, & Kurland, 1993;
Kotsopulos, van Merode, Kessels, de Krom, & Knottnerus, 2002).
The incidence of ﬁrst seizures that are unprovoked (i.e. not caused
by stroke, drugs, brain trauma, etc.) is high in infancy then decreases
until adolescence. It then remains roughly constant until after age
60, when it accelerates to high levels matching those in infancy. It
is striking that the age atwhich ﬁrst seizures have dropped to young
adult levels is roughly the same as the age at which recognition of
faces across views becomes adult-like (Mondloch et al., 2003). Like-
wise, the age at which ﬁrst seizure incidence accelerates in the
elderly corresponds roughly to the age at which our subjects show
face bandwidth increases.
Our results suggest important new experiments measuring face
orientation bandwidths and neural noise in FFA and primate ana-
logs over the life span. Beyond this, there is evidence that FFA in
humans is more than three times smaller in children than in adults
(Golarai et al., 2007), and generalization of face perception across
views does not reach adult levels until adolescence (Mondloch
et al., 2003). Present results plus our previous data (Habak et al.,
2008) suggest that this late developing aspect of face perception
may be the ﬁrst to degrade in the elderly. It is exciting to speculate
that the last form vision capabilities to develop may also be the
ﬁrst to degrade with age in consequence of changing inhibition lev-
els. This possibility poses a challenge for future research on devel-
opment, aging, and vision.
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